Azotobacter salinestris sp. nov. was isolated from slightly saline soils of Western Canada, where strains of this species accounted for 5 5 % of the aerobic nitrogen-fixing isolates. Also, one isolate was obtained from a saline Egyptian soil. These bacteria shared many physiological traits with Azotobacter chroococcum, but were absolutely dependent on Na+ ions for growth and frequently used melibiose as a carbon and energy source. Aerobically grown cells were melanized dark brown to black; the cells were large, gram negative, oval with pointed ends, and motile by means of peritrichous flagella and formed pairs and chains of six to eight cells during active growth. Capsule production was variable. Nitrogen fixation by A . salinestris occurred optimally at 35°C in the presence of molybdate or vanadate ions in a microaerophilic, aeroadaptive manner. The cells were very sensitive to H20z and catalase negative. However, a single weak catalstse electromorph was observed in cell extracts. This contrasted with a very active catalase represented by multiple electromorphs in A . chroococcum. Iron was absolutely required for growth and aeroadaptation. Other growth-promoting substrates included fructose, galactose, glucose, mannitol, starch, and sucrose. Acid was formed from growthpromoting sugars and also from the non-growth-promoting substrates arabinose, cellobiose, lactose, mannose, rhamnose, and xylose. Incubation in the presence of increased NaCl concentrations promoted acidification of the culture to inhibitory levels, and sufficient acid was released from nitrogen-fixing cells in the presence of 1.0 to 1.5% NaCl to solubilize CaCO, suspended in solid medium. The cells grew well in marine broth alone, producing an alkaline reaction. An acid reaction was produced both oxidatively and fermentatively in marine broth containing glucose. Nitrate was used in an assimilatory fashion, and there was no evidence of NO2-or N, formation. The type strain is strain 184 (=ATCC 49674), which was isolated from soils of Alberta, Canada.
Members of the genus Azotobacter are aerobic, freeliving, nitrogen-fixing bacteria that are found throughout the world (1, 36, 37) . The cells are typically large and gram negative, and most species are motile. The cells usually differentiate to form cysts and accumulate intracellular granules of poly-P-hydroxybutyrate. These heterotrophic organisms characteristically fix atmospheric nitrogen in vigorously aerated cultures. Protection of an oxygen-labile nitrogenase is achieved through rapid consumption of 0, and respiratory protection of the enzyme (31) . Life as an obligate aerobe and the use of respiration to consume oxygen during protection of a nitrogenase necessitate active production of oxygen protection enzymes. These bacteria have one of the mostly highly active cytochrome oxidases known (15, 16) , as well as notably active superoxide dismutase and catalase systems (14).
Azotobacter chroococcum is the most common species in the genus Azotobacter and is easily isolated from soils by simply sprinkling soil on nitrogen-free mineral salts medium containing an organic carbon (and energy) source, such as starch or mannitol (1). However, as noted by Becking (l) , there is considerable variation among Azotobacter chroococcum isolates; the cells tend to be very pleomorphic, capsules may or may not be formed, colony sizes vary, and brown to brownish-black pigmentation of the colonies may or may not occur. In 1981 Becking concluded that this species was a complex group consisting of several species whose delineations had not been sorted out (1).
Strains conforming in many respects to the characteristics of Azotobacter chroococcum but exhibiting absolute dependence on Na+ for growth were isolated recently from soils from Alberta, Canada (24) ; representative Na+-dependent environment, these organisms can adapt to fix nitrogen in the aerobic environments preferred by other azotobacters (27, 34) . This process of aeroadaptation can occur in the absence of catalase and peroxidase activities and appears to be dependent on the formation of catechol and melanin as chemical traps for toxic oxygen products (34) .
In this study we further examined the physiological differences between Na'-dependent and Na+-independent Azotobacter chroococcum-like isolates. We propose a new species name, Azotobacter salinestris , for the Na+-dependent strains.
MATERIALS AND METHODS
Sources and isolation of bacterial strains. The strains of Azotobacter salinestris used in this study were previously isolated from soils from Alberta, Canada, by F. D. Cook (Department of Soil Science, University of Alberta, Edmonton, Alberta, Canada) as described by Page (24) . New isolates were also obtained in this study by sprinkling air-dried surface soil samples (approximately 0.1 g) onto the surface of Burk nitrogen-free mineral salts medium (8) which was modified as described by Page (24) and also contained 1% (wthol) glucose and 0.25 pg of CuCl per ml. All strains were incubated at 30°C. Azotobacter salinestris strains were stored at 4°C and at room temperature as slant cultures grown in Burk nitrogen-free medium with the screw cap lids tightly closed and sealed with Parafilm. Azotobacter salinestris strains appeared to lose viability when they were stored as slant cultures at 4"C, as reported previously for Azotobacter vinelandii (23) .
Taxonomic tests. Taxonomic tests were performed on agar medium by using the methods of Thompson and Skerman (37) .
The oxidation of more than 100 carbon sources was also lested by using multitest Biolog ES and GN plates (Biolog, Hnc., Hayward, Calif.). The plates were inoculated with an active, washed cell suspension exactly as recommended by 1 he manufacturer. The plates were examined for positive (definite purple) reactions after 24 and 48 h of incubation at 30°C.
Na'-dependent growth was defined as failure of a strain to grow during 24 h of incubation with shaking at 200 rpm in liquid Na+-free Burk medium made with deionized water in acid-washed glassware (24) . Optimal growth of the Na+-dependent strains typically required the addition of 1 mM NaCl to Burk medium (24) .
Media for determining the optimum growth pH contained 100 mM Na+ and buffers of Good et al. (11) . The buffers used were piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) (pH 6.0 to 7.0), N-2-hydroxyethy1piperazine-Nf-2-ethanesulfonic acid (HEPES) (pH 7.0 to K O ) , and tris(hydroxymethy1)methylaminopropanesulfonic acid (TAPS) (pH 8.0 to 9.0).
Oxidative-fermentative (0-F) tests were performed by using the modified marine broth described by Lemos et al. (18) . This medium contained marine broth (Difco) supplemented with 0.001% phenol red, 0.3% agar, and 0.05% Tris, was adjusted to pH 7.6, and contained 1% glucose as required. 0-F tests were also performed in tubes of Burk medium containing phenol red and agar plus 1% glucose and 0.1% NaNO, as a nitrogen source. The production of gas bubbles during growth was considered positive N, evolution during growth, and nitrate utilization was followed colorimetrically (35) .
The G+C contents were determined by the thermal melting method described by Johnson (13) , using DNAs prepared from Escherichia coli b and Azotobacter vinelandii UW (= OP = ATCC 13705) as standards. Determinations were made with a Philips model PU 8740 UV-Vis scanning spectrophotometer fitted with a model PU 8764 temperature programmer and a Magnavox model RGB monitor. When this method and instrumentation were used, the thermal melting point of E. coli b DNA was 8935°C (previously published value, 90.5"C [13]), and the thermal melting point of Azotobacter vinelandii DNA was 97.96 to 98°C (calculated G+C content, 67.73 to 67.8 mol%; previously published value, 64.9 to 66.5 mol% [36] ).
Catalase and peroxidase detection. Catalase activity was detected by observing bubbles of 0, evolved after a drop of 5% H,O, was placed on an young colony or mixed with active cells on a microscope slide (35) . Negative reactions were not improved by increasing the peroxide concentration to 20%.
Catalase activity was also detected in cell extracts after electrophoresis and staining for activity (33) . Cell extracts were prepared as described by Page and von Tigerstrom (28) . Approximately 100 to 300 pg of cell extract protein was subjected to electrophoresis in an 8% nondenaturing polyacrylamide gel (3, rather than the starch gel recommended by Selander et al. (33) . Peroxidase activity was detected in the same gels by using the activity stain described by Butler and Lachance (3). Standard horseradish peroxidase and beef liver catalase (Sigma) were included (1 pg of enzyme protein per well) as positive and negative controls in both gels.
Nitrogen fixation. Nitrogen fixation was estimated by measuring growth and protein production (34) after incubation in liquid nitrogen-free Burk medium. In order to compare the effects of molybdate, vanadate, and tungstate on nitrogen-fixing growth, a culture was first starved for molybdate by three serial transfers on solid Burk medium containing 1.0% glucose or 1.0% sucrose and 0.1% ammonium acetate, but no added molybdate (26) . All glassware was acid washed, and all media were made with deionized water.
Microscopic examination. Cell morphology and Gram reaction were observed with a Leitz model HM-LUX light microscope equipped with bright-field and phase-contrast optics and fitted with a micrometer stage slide and eyepiece. Cyst formation was determined by observing the formation of rounded, phase-bright cells which, when stained by the method of Vela and Wyss (38) , exhibited reddish brown exines and green central bodies. Flagellar distribution was observed by using negatively stained (1% [wthol] uranyl acetate in distilled water) preparations that were viewed with a Philips model 410 transmission electron microscope.
RESULTS AND DISCUSSION
Basic characterization of strains. There is no selective medium for the isolation of Na+-dependent azotobacters. All of the strains have been identified after isolation from soil-sprinkled plates (this study) or after prior enrichment in static tubes containing liquid nitrogen-free medium (24) . Aerobic nitrogen-fixing colonies appeared on soil-sprinkled plates after 1 week of incubation, and the colonies with a brown to black pigment were picked for pure culture isolation by restreaking. In strain 184T, the pigment in the colonies has been shown to be a catechol melanin, and its production was stimulated by copper ions in the medium (34) . These heavily pigmented azotobacters accounted for 110% of the aerobic nitrogen-fixing colonies on most plates, and of those colonies picked, only 40 to 50% were found to be Na+ dependent.
A comparison of the new isolates with the strains examined previously showed that growth on melibiose was a trait found in almost all Na+-dependent strains (15 of 17 strains) ( Table 1 ). The same number of strains did not grow in the presence of 50 mM Rb+, which is an antagonist of Na+ (24). In contrast, the Na+-independent strains in our collection rarely used melibiose as a growth substrate (two of eight strains were positive), and all eight strains usually tolerated Rb+ .
New Na+-dependent isolates were obtained from Canadian soils from northern British Columbia, the Yukon, and Saskatchewan, as well as locations on the University of Alberta campus. One strain, which was tentatively identified as Azotobacter chroococcum, was isolated from a saline soil in Egypt (this isolate was obtained from Y. Z. Ishac, Ains Shams University, Shobra, Cairo, Egypt). Na+-dependent strains also have been isolated recently from soils in Louisiana (37a).
Catalase and peroxidase electromorphs. The Na+-dependent strains were catalase negative in the H20, spot test (Table 1 ) (27). Encapsulated strains (e.g., strain D [ Table 11 ) sometimes trapped very fine bubbles of 0, in this test and appeared to be weakly positive when they were observed with a magnifying lens (27). Na+-independent strains always gave clearly positive catalase reactions. Although the level of catalase activity of the Na+-dependent strains was very low, the enzyme could be demonstrated electrophoretically in cell extracts after staining for catalase activity. The mobility of each electromorph (a clear band against a blue background) was measured before the staining pattern faded (33). Analysis of the data showed that all of the Na+-dependent strains examined contained one weakly active catalase electromorph and that the electromorphs of these strains were apparently identical (Table 2 ). In contrast, the Na+-independent strains contained two to five strongly ' Azotobacter chroococcum type strain.
' Two electromorphs are present.
Azotobacter salinestris type strain (this study).
active catalase electromorphs in each cell extract ( Table 2) . One of these electromorphs had a mobility similar to the mobility of the catalase electromorph found in the Na+-dependent strains. The presence of multiple electromorphs within one strain is considered to be unusual and suggests that either posttranslational modification or gene duplication has occurred in the Na+-independent strains (33). However, multiple forms of catalase also are formed by E . coli, Bacillus subtilis, Pseudomonas putida, and Pseudomonas syringae pv. phaseolicola (17, 19, 20). The fact that this enzyme exists in multiple forms attests to its importance in promoting cell survival in aerobic environments. The peroxidase activity ,found in cell extracts also was present as multiple electromorphs in strains belonging to both Na+ nutritional types ( Table 2) . In this case, two of the three electromorphs had very similar mobilities and were found in strains of both nutritional types, while a third (faster) electromorph was characteristic of each nutritional type.
Nitrogen fixation. Optimal nitrogen fixation occurred in the presence of 12.5 pg of sodium molybdate per ml, but very low levels of nitrogen fixation and growth were detected in molybdate-starved cultures (Fig. 1) . Nitrogen fixation in the absence of molybdate has been observed previously in Azotobacter vinelandii and Azotobacter chroococcum and was caused by an alternative molybdate-independent nitrogenase (9, 12). The growth of molybdenum-starved Na+-dependent strain 184T was enhanced by the addition of 0.025 to 25 pg of sodium vanadate per ml (Fig. 1) . One of the alternative nitrogenases found in Azotobacter vinelandii and Azotobacter chroococcum has been shown to be a vanadium nitrogenase (9, 12). Sodium tungstate, an antagonist of molybdate or vanadate function in nitrogenase activity, inhibited strain 184T growth in nitrogen-free medium (Fig. 1) .
Strain 184T grew optimally in nitrogen-free medium incubated at 35°C and grew poorly in the same medium incubated INT. J. SYST. BACTERIOL. at 28°C (Fig. 2) . Azotobacter chroococcum ATCC 9043T grew well at temperatures ranging from 28 to 37°C (Fig. 2) . In the presence of ammonium acetate, strain 184= growth was constant (345 k 22 kg of protein per ml) through the temperature range from 28 to 35"C, a finding similar to that observed with strain ATCC 9043T (data not shown).
Carbon source utilization. Differentiation of Na+-dependent and Na'kdependent strains was not possible on the basis of carbon source utilization patterns. Representative were incubated in Burk nitrogen-free medium containing 1 mM NaCl and 1% sucrose. Growth conditions and analysis were as described in the legend to Fig. 1 . strains belonging to each nutritional type were screened for their ability to oxidize more than 100 carbon sources by using Biolog multiwell plates. We found no carbon source that was used exclusively by all isolates of one Na+ nutritional type. The carbon sources which were used disparately (233% difference) are shown in Table 3 . However, some caution must be exercised in evaluating the results obtained with these multitest plates. Although most Na+-independent azotobacters were not able to use melibiose for growth (Table l) , they were able to oxidize melibiose according to the Biolog system test (Table 3 ) . Similarly, none of the strains used cellobiose or mannose for growth (data not shown), but the strains did oxidize these compounds in Biolog plates (Table 3 ) . This problem may have arisen because of other undisclosed basal medium components present in the multitest system, which permeabilized the cells and allowed substrate penetration and oxidation. For example, low concentrations of yeast extract have been shown to permeabilize Azotobacter vinelandii cells to antibiotics (2), and Tris buffers promote envelope disruption (4). However, cells incubated in Burk minimal salts medium appear to be unable to obtain some of these substrates for growth.
The use of 0.5% melibiose in nitrogen-free medium to select for Na+-dependent strains from soil samples has not been successful, but has resulted in the selection of melibiose-utilizing Na+-independent Azotobacter chroococcurn strains. As noted by Thompson and Skerman (37), all 19 Azotobacter chroococcum strains which they examined used melibiose for growth, although they did not examine the Na+ dependence of their strains. In E . coli, melibiose transport is Na+ dependent (39) , which may explain the coincidence of melibiose utilization and the Na+-dependent nutritional type. In any event, Na+ is absolutely required for the growth of the Na+-dependent strains with all of the carbon and nitrogen sources tested to date (24; this study).
pH range for growth. In media buffered with the buffers of Good et al. at concentrations of at least 100 mM, all of the Azotobacter strains grew optimally at pH 7.2 to 7.5, and growth was limited at pH 6.2 and 8.2 (with N, or NO,-as the nitrogen source) or pH 9.0 (with NH,+ as the nitrogen source) (24; data not shown).
Na+-dependent acid production. Azotobacter spp. are supposed to have strictly respiratory metabolism, and the for- FIG. 3. Sodium-dependent growth and acid production by Azotobacter salinestris sp. nov. Strain 184= was inoculated into sodiumfree Burk media containing 1% glucose, 15 mM ammonium acetate, and different concentrations of NaCl. The cultures were incubated (see the legend to Fig. l) , and the amount of culture protein (0) and culture fluid final pH (W) were determined. mation of acid during growth is unusual. Thompson and Skerman (37) noted that Azotobacter chroococcum strains often produced acid during incubation with carbon substrates that were not used for growth. Similarly, the Na+-dependent strains produced acid in nitrogen-free medium containing the non-growth-promoting substrates mannose, xylose, cellobiose, arabinose, and lactose at concentrations of 1% (wthol). However, the Na+-dependent strains also produced acid from the growth-promoting substrates melibiose, galactose, mannitol, sucrose, glucose, and fructose under the same conditions. The acids excreted by strain 184T have been shown to be glutamic acid, succinic acid, and citric acid (25) .
The production of acid by the Na+-dependent strains was stimulated by Na+ ions (Fig. 3) . Azotobacter chroococcum ATCC 9043T did not acidify its growth medium in response to increased NaCl availability (data not shown). Acid production by strain 184T appeared to be the factor that limited the growth of this strain in the presence of higher concentrations of NaCl. For example, N,-fixing cells grew in media containing 51.25% NaC1, and growth did not occur in the presence of 1.5% NaCl, because the medium had been acidified to pH 4.50 (Fig. 4) . Acid continued to be produced in media containing up to 2.75% NaCl, presumably because the metabolism of the cells continued in the absence of cell growth (Fig. 4) . Similarly, strain grew and acidified media containing NH,+ and 12.0% NaCl (data not shown). Growth ceased at an NaCl concentration of 2.25% NaCl because the medium had been acidified to pH 6.03. Acid production continued, in the absence of cell growth, in media containing 2.5 to 3% NaCl.
The upper limit of NaCl concentrations tolerated by the Na+-dependent strains increased to 2.5% when testing was done on media solidified with 1.8% agar (24) . The reason for this is unknown but may be related to the Na+-binding capacity of agar (24) . However, nitrogen-fixing cells did not grow well on solid medium containing this concentration of NaCl, and growth appeared to flourish only at NaCl concentrations that were 12%. Na+-dependent CaCO, solubilization. When nitrogen-free solid media contained 20 g of CaCO, per liter and the 1 mM NaCl required for Na+-dependent strain growth, there was no solubilization of the CaCO,. However, there was a thin (1-mm) zone of CaCO, solubilization when 0.5% NaCl was added to the growth medium, and this zone was very clear and larger (2 to 3 mm) when the medium contained 1 to 1.5% NaC1. Acid production during growth on growth-promoting carbon sources and CaCO, solubilization are characteristics that are not shared by strains of Azotobacter chroococcum (1).
0 -F test. When an 0-F test was performed in marine broth inoculated with the Naf-dependent strains (Table l) , marine broth alone became alkaline, and acid was formed in the oxidative and fermentative (marine broth plus glucose) tubes within 7 days. Growth in all of the tubes was at the surface or at the oil-water interface (in the fermentative tubes). The acid, which extended down through 25% of the tube, was reabsorbed in the oxidative test during another 7 days of incubation. Acid continued to be formed in the fermentative tubes during incubation and within 9 days filled the tubes.
In contrast, the Naf -independent Azotobacter chroococcum strains (Table 1) produced an alkaline reaction in marine broth alone and failed to form significant acid after 7 days in the oxidative or fermentative tubes.
The reaction of the Na+-dependent strains in this 0-F test with marine media was most similar to the reactions of the marine Vibrio spp. and Aeromonas hydrophila, although these bacteria did not give an alkaline reaction in marine broth alone (18).
The 0 -F test was repeated by using Burk defined medium containing glucose and NaNO, as a nitrogen source. There was no visible growth of the Na+-independent strains in the fermentative tubes, whereas the Na+-dependent strains produced a clearly visible band of growth below the oil and an acid reaction in the medium. All strains gave an alkaline reaction in the oxidative test. The amount of NO,-left in these tubes was decreased, but NO2-and N2 were not produced.
These data suggested that the Naf-dependent strains were not respiring anaerobically , but were capable of assimilatory NO3-reduction. The growth of the Na+-dependent strains in, the fermentative tubes was probably a reflection of their lower 0, requirement and the growth-promoting effect of oxygen exclusion (27) .
Habitat. All of the Azotobacter salinestris strains isolated to date were isolated from soils. These soils had neutral to slightly alkaline pH values. Alberta soils tend to be saline because this geographic region, as well as the land through the center of North America from the Arctic Ocean to the Gulf of Mexico, was a sea bottom some 64 X lo6 years ago (32) . However, the Na+ requirement of the Na+-dependent strains is only 1 mM NaCl, which means that these soils do nlot have to be very saline (24) . Azotobacter chroococcum strains have been isolated from saline soils in Egypt (21), and one of the isolates obtained from the Egyptian collection was identified as Azotobacter salinestris. In the Egyptian study, the greatest numbers of Azotobacter chroococcum strains were isolated from soils containing 0.7 to 3.5% total soluble salts when an isolation medium containing 0.2 to 0.7% NaCl was used (21). Nitrogen fixation by strains isolated from saline soils was most efficient when 0.05 to 0.1% NaCl was present. Mahmoud et al. concluded that there are specific strains of Azotobacter chroococcum in saline soils (21). Dicker and Smith isolated Azotobacter spp. from salt marsh sediments in Delaware (6). These organisms were present in significant numbers (lo7 cells per g of dry mud) in the top 1 cm of marsh mud along with Desulfovibrio and Clostridium spp. Nitrogen fixation rates were not affected by oxygen, indicating that there were stable aerobic (or microaerobic) and anaerobic microenvironments within the mud samples. Higher cell densities of Azotobacter isolates were obtained when the cultures were not shaken (7), which is characteristic of the oxygen-sensitive, microaerophilic nature of Azotobacter salinestris (26) . One halophilic Azotobacter isolate from this marsh exhibited Na+-dependent nitrogen fixation and respiration (7). This strain was tentatively identified as an Azotobacter chroococcum strain which rapidly produced acid during growth with mannitol in nitrogen-free medium (7), which is characteristic of Azotobacter salinestris.
It is possible that Azotobacter salinestris also will be found in marine environments. The Na+-dependent growth phenotype is characteristic of marine bacteria (30). Marine alzotobacters were described in a review of older literature by ZoBell (40) . These organisms were Azotobacter chrooroccum-like strains that were associated with surface algae and required NaCl for their development, but their isolation was sporadic. Pshenin (29) found Azotobacter strains in the Hack Sea throughout the water column in stratified layers from the surface to the sediments. The number of azotobacters in the open sea (>lo3 to >lo4 cells per liter) increased with summer blooms of plankton, which may have provided nutrients for Azotobacter growth. Significantly, it is currently believed that nutrients for marine microbial growth are not evenly distributed throughout the water column but i r e concentrated at freshwater-seawater interfaces in estuaries (the halocline) and at stable thermocline regions of the ocean (10, 22, 41) . These zones may have increased available carbon derived from plankton decay, decreased salinity, and microaerobic conditions (10, 41) . Halocline layers are formed where river flow into areas of low tidal amplitude is large (41) , a situation that Pshenin probably encountered at the Black Sea sample sites. The growth conditions created at haloclines seem to be ideal for the nitrogen-fixing growth of Azotobacter salinestris, and it is possible that this organism will be isolated from this fragile environment.
Molecular biology. In 1987 the nearly complete sequences of the 5s rRNAs from Azotobacter chroococcum 52 and Azotobacter salinestris were determined by H. Van den Eynde and R. De Wachter (Department of Biochemistry, Universiteit Antwerpen, Antwerp, Belgium). These unpublished sequences confirmed that Azotobacter salinestris is a member of the genus Azotobacter. In this study, we determined that the thermal melting point of Azotobacter salinestris DNA is 96.68 to 97.08"C and that the G+C content is 65.19 to 65.98 mol%, characteristic of Azotobacter spp. (36) . In addition, the detailed 16s rRNA sequencing and cataloging conducted by Moore (Department of Biology, University of Houston, Houston, Texas) have confirmed that Azotobacter salinestris is a separate species of the genus Azotobacter (22a). On the basis of these physiological, ecological, and molecular data, we propose the name Azotobacter salinestris sp. nov. for the Na+-dependent azotobacters.
Description of Azotobacter salinestris sp. nov. Azotobacter salinestris (sal. in. es' tris. N. L. adj. salinus, saline; L. suff.
-estris, belonging to, living in; N. L. adj. salinestris, living in saline environments). The data below are summarized from this study and previous studies (24, 25, 27, 34) which have been conducted with type strain 184. The type strain does not form appreciable capsule polysaccharide, whereas other isolates may form considerable amounts of capsule.
Gram negative. Young cells (18 h old) are elongated and oval with pointed ends (2 by 3 to 4 pm) and occur singly, in pairs, or chains of six to eight cells in actively growing cultures. Motile by means of peritrichous flagella (Fig. 5) . Each flagellar filament has a wavelength of 2.7 to 2.9 pm and an amplitude of 0.36 to 0.55 pm and is 9 to 10 Fm long. Poly-P-hydroxybutyrate is formed. Older cells are rounder, larger (diameter, 3 to 5 pm), pleomorphic, and nonmotile and form cysts. Encystment is induced in young cultures by incubation with 0.2% P-hydroxybutyrate as the sole carbon source.
Growth in all media is Na+ dependent. Optimal growth is promoted by rl mM NaC1. Cells grow well in the presence of 0.25 mM Na+ and 25 mM Li+ or 25 mM Mg2+; 15 to 25 mM K+ or 15 to 25 mM Rb+ is antagonistic to growth. Optimal growth requires >5 p M soluble iron.
Colonies develop on solid media after 2 to 3 days of incubation at 30°C. Cells are killed by 100 pM H20,. Colonies are not formed in numbers proportional to the dilution of a culture because of the presence of toxic oxygen products in normal media. Capsules are absent in the type strain, but may be formed by other isolates. Colonies are brown to brownish black because of the production of a water-insoluble, cell-associated catechol melanin. Watersoluble catechol formation precedes melanization. Melanization is greatest in aerated, nitrogen-free medium and is promoted by trace amounts (0.25 pg/ml) of Cu' or Cu2+.
Nitrogen fixation is optimal with molybdate, but nitrogen is fixed by molybdate-starved cells in the presence of vanadate. Nitrogen fixation is optimal at 35°C and minimal at 28°C. Nitrogen-fixing growth in liquid medium is initially microaerophilic, but the cells can adapt to growth in vigorously aerated medium. Cells inoculated at a low density into nitrogen-free medium or aerated vigorously before aeroadaptation do not grow. NO,-is assimilated without NO,-or N, production. Urease is produced, Catalase negative in the H20, spot test. A single, weakly active catalase electromorph is present, which migrates on nondenaturing polyacrylamide gels with the same relative mobility as beef liver catalase. Multiple peroxidase electromorphs are present, and a single superoxide dismutase is present. All of the enzyme activities are dependent on iron.
Optimal growth occurs at pH 7.2 to 7.5, and growth is limited at pH 6.2 and 8.2 (nitrogen fixing) or pH 9.0 (with ammonium acetate). Acid is produced during aerobic or microaerophilic growth in a sodium-dependent manner. Higher available NaCl concentrations promote greater acidification of the medium until a growth-inhibiting pH is attained. The acid released by nitrogen-fixing cultures on agar-solidified medium containing 0.5 to 1.5% (wthol) NaCl is sufficient to solubilize CaCO,.
An alkaline reaction is produced in marine broth alone, and an acid reaction is produced in marine broth containing glucose under oxidative or fermentative conditions.
Strains are very susceptible to streptomycin and kanamycin (inhibited by 1 1 pg/ml) and resistant to chloramphenicol
The carbon substrates used for growth are the same as those described previously for Azotobacter chroococcum, including 0.25% sodium benzoate, 0.5 to 21.0% fructose, galactose, glucose, mannitol, melibiose, starch, and sucrose. The substrates not used for growth include 0.5 to 21.0% arabinose, cellobiose, glutamate, glycerol, lactose, mannose, rhamnose, and xylose. Acid is produced during incubation with the growth-promoting substrates fructose, galactose, glucose, mannitol, melibiose, and sucrose and with the non-growth-promoting substrates arabinose, cellobiose, lactose, mannose, rhamnose, and xylose.
(40 pg/ml).
Strains have been isolated from slightly saline, neutral to slightly alkaline soils from the Canadian provinces Alberta (type strain 184), Saskatchewan, British Columbia, and the Yukon and from a saline soil from Egypt.
The G+C content is 65.19 to 65.98 mol%. Strain 184 is the type strain; this strain has been deposited in the American Type Culture Collection, Rockville, Md., as strain ATCC 49674.
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